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Abstract
Successful navigation requires memorising and recognising the locations of objects across different perspectives. Although these
abilities rely on hippocampal functioning, which is susceptible to degeneration in older adults, little is known about the effects of
ageing on encoding and response strategies that are used to recognise spatial configurations. To investigate this, we asked young and
older participants to encode the locations of objects in a virtual room shown as a picture on a computer screen. Participants were then
shown a second picture of the same room taken from the same (0°) or a different perspective (45° or 135°) and had to judge whether
the objects occupied the same or different locations. Overall, older adults had greater difficulty with the task than younger adults
although the introduction of a perspective shift between encoding and testing impaired performance in both age groups. Diffusion
modelling revealed that older adults adopted a more conservative response strategy, while the analysis of gaze patterns showed an
age-related shift in visual-encoding strategies with older adults attending to more information when memorising the positions of
objects in space. Overall, results suggest that ageing is associated with declines in spatial processing abilities, with older individuals
shifting towards a more conservative decision style and relying more on encoding target object positions using room-based cues
compared to younger adults, who focus more on encoding the spatial relationships among object clusters.
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Introduction
The ability to recognise a place from different perspectives is
crucial for everyday functioning. It requires remembering the
locations of objects relative to each other or relative to the
environment (Epstein, Harris, Stanley, & Kanwisher, 1999),
and depends on the binding of the memory for object identity
with the memory for its location (Postma, Kessels, &
van Asselen, 2008; Waller, 2006). The quality of such spatial
representations depends on the resolution with which spatial
information is encoded (Cowell, Barense, & Sadil, 2019;
Ekstrom & Yonelinas, 2020). A coarse spatial representation,
for example, may only contain the categorical positions of the
objects, such as “the door is in the far right of the room”. Fine-
grained representations, in contrast, contain precise metric in-
formation about the locations of objects (Evensmoen, Lehn,
Witter, Nadel, & Håberg, 2013).
Once a spatial representation of a place is created, visual,
vestibular and proprioceptive inputs during active movement
can be used to update the representation to allow place recog-
nition from a different perspective (Christou & Bülthoff,
2000; Waller, Montello, Richardson, & Hegarty, 2002).
However, if physical movement is absent, recognition across
different perspectives can be achieved through the formation
of a viewpoint-independent representation or by mental ma-
nipulations of the new or stored representation (Holmes,
Newcombe, & Shipley, 2018; King, Burgess, Hartley,
Vargha-Khadem, & O’Keefe, 2002; Klencklen, Després, &
Dufour, 2012). Possible manipulations include: (1) mentally
rotating the new representation in alignment with the stored
representation, (2) imagining moving around, and (3) rotating
the stored representation to match the representation viewed
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from the current perspective (Hegarty & Waller, 2004; King
et al., 2002). Hereafter, we refer to these mental transforma-
tions collectively as spatial-perspective taking (Hegarty &
Waller, 2004).
Neuroimaging research suggests that the hippocampal cir-
cuit and the retrosplenial cortex support the computations in-
volved in spatial-perspective taking (King et al., 2002;
Vargha-Khadem et al., 1997). The hippocampus may also
allow place recognition across different perspectives by en-
abling the development of viewpoint-independent representa-
tions of the environment (Goodrich-Hunsaker & Hopkins,
2010; Hartley, Maguire, Spiers, & Burgess, 2003; Morris,
Garrud, Rawlins & O’Keefe, 1982; Wolbers & Büchel,
2005). Furthermore, the hippocampus is involved in object-
location binding (Zimmermann & Eschen, 2017) and the
binding of high-resolution perceptual information, including
spatial information (Kolarik et al., 2016), into a single repre-
sentation (Erez, Lee, & Barense, 2013). Together, these stud-
ies demonstrate that the hippocampus plays an important role
in development of flexible fine-grained spatial representations
and the processes involved in place recognition across differ-
ent perspectives.
Several studies have shown that the hippocampal circuit is
particularly vulnerable to age-related alterations (Antonova
et al., 2009; Lester, Moffat, Wiener, Barnes, & Wolbers,
2017; Meulenbroek, Petersson, Voermans, Weber, &
Fernández, 2004; Moffat, Kennedy, Rodrigue, & Raz, 2007).
Thus, it is not surprising that ageing is associated with declines
in spatial memory (Hartley et al., 2007; Montefinese, Sulpizio,
Galati, & Committeri, 2015; Muffato, Hilton, Meneghetti, De
Beni, & Wiener, 2019). Muffato et al. (2019) investigated the
nature of spatial memory deficits in ageing by presenting par-
ticipants with images of places defined by the spatial arrange-
ment of four different objects in an open field. At test, the
places were presented from different perspectives and partici-
pants decided whether the place was the same or different to
that seen during encoding. Age-related performance deficits
were found when objects within a scene swapped positions
but not when they were substituted with new objects. This
highlights a specific age-related deficit in binding the remem-
bered objects to their locations, whilst object-identity memory
remained relatively intact in ageing (cf. Allison & Head, 2017;
Cushman, Stein, & Duffy, 2008; Head & Isom, 2010).
As Muffato et al. (2019) did not parametrically manipulate
the amount of spatial change within the scene, it remains un-
clear if cognitive ageing also affects the resolution with which
spatial representations are formed. That is, older adults may
experience difficulties in forming detailed, fine-grained spatial
representations, therefore relying more on coarser representa-
tions compared to younger adults. This idea is consistent with
findings from a spatial working-memory study in which older
participants were able to memorise the coarse position of ob-
jects on a computer screen, but were less precise than younger
participants (Nilakantan, Bridge, VanHaerents, & Voss,
2018). The authors proposed that age-related hippocampal
neurodegeneration could explain the difficulties in forming
fine-grained representations. This interpretation is in line with
patient research showing that young patients with hippocam-
pal damage can form coarse memories of environments but
have problems identifying the precise locations of previously
encoded objects (Kolarik et al., 2016; Kolarik, Baer, Shahlaie,
Yonelinas, & Ekstrom, 2018). Given that ageing is associated
with hippocampal atrophy (Moffat et al., 2007), we expect
spatial memory to be less fine-grained in older individuals
than in young adults. To our knowledge this has not yet been
demonstrated empirically.
There is currently no consensus on how ageing affects
spatial-perspective taking. Some studies showed that perspec-
tive shifts resulted in similar performance declines in young
and older adults (e.g., Muffato et al., 2019), while other stud-
ies have reported specific age-related deficits in perspective-
taking abilities (Inagaki et al., 2002; Montefinese et al., 2015;
Watanabe, 2011). It thus remains unclear whether there is a
specific age-related deficit in spatial-perspective taking over
and above general age-related slowing and cognitive decline.
Here we present an exploratory study combining eye-
tracking and diffusion modelling to study age-related differ-
ences in the ability to recognize spatial configuration across
different perspectives. Similar to earlier studies (Montefinese
et al., 2015; Muffato et al., 2019), participants encoded object
positions from one perspective and then reported if the objects
were in the same or different positions when presented with
the scene from a new perspective. To investigate age-related
differences in the resolution of spatial representations, we ma-
nipulated the spatial arrangement of objects in two different
ways: we either changed the precise position of objects within
the spatial arrangement between encoding and test so that
participants would need to employ fine-grained spatial knowl-
edge to respond correctly, or we introduced a change in the
whole spatial arrangement that could be detected using a
coarser representation. We unpacked the processes involved
in decision making using diffusion modelling, which assumes
that decisions are based on evidence that is accumulated over
time (Ratcliff & Rouder, 1998). Diffusion modelling com-
bines response times and accuracy to estimate a number of
parameters, including response bias (tendency to classify
stimuli more as ‘same’ or ‘different’), response boundaries
(the amount of information needed to make a decision), drift
rate (the rate of information accumulation), and the time re-
quired to execute the motor response (Ratcliff, Smith, Brown,
& McKoon, 2016).
In ageing research, traditional response-time analyses are
complicated by age-related delays in non-decisional processes
such as visual processing speed and response execution
(Owsley, 2011; Ren, Wu, Chan, & Yan, 2013). This may lead
to the incorrect conclusion that ageing is associated with
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processing deficits and may discourage researchers from
using response times in their analysis (e.g. Hartley et al.,
2007; Muffato et al., 2019), despite the informative value of
this measure in identifying decisional styles in particular
speed-accuracy trade-offs. Diffusion modelling can overcome
this by modelling separately task-specific information pro-
cessing (i.e. performance), decisional styles that depend on
response conservativeness, and non-decisional processes. By
doing so it provides a cleaner measure of the information-
processing efficiency (drift rate) whilst allowing the investi-
gation of speed-accuracy trade-offs using a single parameter –
response boundaries (Ratcliff et al., 2016; Voss, Nagler, &
Lerche, 2013). This is particularly relevant to ageing research
in which the patterns of accuracy and response times often
differ across age groups (Ratcliff, Thapar, & McKoon,
2006a, 2006b; Watanabe & Takamatsu, 2014).
In tasks with a memory component, drift rate typically
represents the quality of the match between the memory trace
and the test stimuli (Ratcliff et al., 2004a, b; Spaniol, Madden,
& Voss, 2006; White, Ratcliff, Vasey & McKoon, 2009). For
example, in word-recognition tasks, words that are more
strongly encoded result in higher drift rates (Ratcliff et al.,
2004a, b), whilst deficits in episodic memory lead to reduced
drift rates (Spaniol et al., 2006). In other words, drift rates
depend on the ability to accurately encode information and
to access the corresponding representation at test. Drift rates
are independent from non-decisional processing and decision
styles. In the current task, participants needed to encode the
locations of objects in the environment, and access and com-
pare those representations at test following a perspective shift
to determine if the objects were in the same or different posi-
tions. Thus, drift rate represents participants’ ability to encode
the locations of objects in the environment and to access and
manipulate these representations after a perspective shift
(Hegarty & Waller, 2004).
In addition to collecting accuracy and response-time mea-
sures, we used eye-tracking to further investigate potential age-
related changes in the encoding of spatial relationships. Past
research demonstrates that gaze behaviour is sensitive to the
strategies adopted in solving spatial tasks (Schmidt et al.,
2007). For example, Livingstone-Lee et al. (2011) showed that
the environmental features participants gazed at in the first sec-
ond of a navigation trial allowed distinguishing between differ-
ent navigation strategies. Similarly, Bécu, Sheynikhovich,
Tatur, Agathos, Bologna, Sahel and Arleo (2019) showed that
gaze dynamics are predictive of the spatial cue preferences that
participants use to anchor their spatial representations. Here, we
rely on eye-tracking data to also delineate the automatic pro-
cesses that may influence encoding strategies (Schütt,
Rothkegel, Trukenbrod, Engbert, & Wichmann, 2019).
Although encoding strategies have not yet been inves-
tigated in place recognition, some navigation studies sug-
gest that ageing is associated with changes in encoding of
spatial information. For example, Grzeschik, Conroy-
Dalton, Innes, Shanker, and Wiener (2019) report that
older adults spent less time than younger adults looking
at unique, navigationally relevant, landmarks during route
learning. Also, Bécu et al. (2019) reported that older
adults engage less in explorative gaze behaviour when
reorienting during real-world navigation when compared
to young adults. These age-related changes in visual-
encoding strategies may also be relevant to our task.
Specifically, participants need to ‘reorient’ after a per-
spective shift in order to solve the task. This reorientation
likely involves attending to the same ‘relevant’ environ-
mental cues during encoding and test.
Given that age-related differences during spatial
encoding in tasks similar to the one presented here have
not been previously investigated, we adopted an explor-
atory approach to the analysis of gaze behaviour. If dif-
ferences in encoding strategies contributed to age-related
differences in spatial memory, we expect systematic dif-
ferences across several gaze parameters between younger
and older adults and correlations between gaze parameters
and behavioural performance.
With respect to the behavioural results, we expected to
replicate earlier findings showing greater difficulties with
spatial memory in older adults, to observe declining per-
formance with increasing perspective shift, and to find
lower performance in trials that require fine-grained spa-
tial knowledge than in trials that can be solved using
coarser representations. Finally, if older adults have great-
er difficulties than younger adults in encoding fine-
grained spatial information, we expected an interaction
between age group and condition, with older adults show-
ing greater performance reduction in trials that require
fine-grained spatial knowledge.
For the diffusion-modelling analysis, the key prediction
is that drift rates would be lower in older compared to
younger participants. In addition, we predicted that older
adults would be more conservative in their responses,
which would be reflected in wider response boundaries.
This prediction is based on research from other cognitive
domains showing age-related widening of response
boundaries (recognition memory: Spaniol et al., 2006;
perceptual learning: Ratcliff et al., 2006a, 2006b; lan-
guage: Ratcliff et al., 2004a, b). Furthermore, ageing is
associated with a greater tendency to identify novel places
as familiar as a result of a pattern-completion bias
(Vieweg, Stangl, Howard & Wolbers, 2015). We, there-
fore, expected older adults to show a greater bias towards
responding that stimuli are the same even if a change was
introduced. Lastly, since ageing is associated with reduc-
tions in motor speed (Ren et al., 2013) and visual function
(Owsley, 2011) we expect longer non-decision response




Thirty-eight young (mean age = 21.82 years, SD = 6.92;
age range = 18–31 years; 23 females and 15 males) and
38 adults aged 60 years and over (mean age = 70.1 years,
SD = 4.79, age range = 60–83 years; 23 females and 15
males) took part in this study. Participants were recruited
either through Bournemouth University’s participant re-
cruitment system or through opportunity sampling in the
community. Older adults received monetary compensation
for their time. Younger participants received either course
credits or monetary compensation. Participants were
screened for mild cognitive impairment using the
Montreal Cognitive Assessment (MoCA; Nasreddine
et al., 2005). Based on a threshold score of 23/30 (Luis,
Keegan, & Mullan, 2009; Waldron-Perrine & Axelrod,
2012), no participants were excluded from the final anal-
yses. All participants gave their written informed consent
in accordance with the Declaration of Helsinki (World
Medical Association, 2013).
Given the reports of sex differences in navigation and spa-
tial cognition (Coutrot et al., 2019; Mueller, Jackson, &
Skelton, 2008), we first ran an exploratory analysis focusing
on sex, but did not find any performance differences between
sexes (see Online Supplementary Materials). As the current
study was not designed to investigate sex differences, we did
not include sex as a factor in any further analyses.
Materials
Virtual environment
The virtual environment was designed using SketchUp Make
2017 (Trimble Inc., 2017) and depicted a rectangular room
(13.5 m x 14.6 m) that contained visual cues on the walls
including a door, windows, and a painting. The room also
contained six identical objects – pink vases on metal stands
– that were placed in the centre of the room (Fig. 1).
The experimental stimuli were renderings of the envi-
ronment from eight different viewpoints with a horizontal
field of view of 50°. These viewpoints were arranged at
45° intervals on a circle with a radius of 6.5 m surround-
ing the target objects (Fig. 1). The objects were arranged
in clusters of one, two and three objects. The cluster po-
sitions within the room were changed to provide six
unique configurations that were used in the experiment.
Stimuli were presented with OpenSesame 3.1.7 (Mathôt,
Schreij, & Theeuwes, 2012) and a standard computer key-
board was used to record responses.
Eye-tracking recording
Eye movements were recorded using an Eyelink II (SR
Research) head-mounted eye-tracker at a rate of 500 Hz.
Calibrations were performed at least three times and drift cor-
rection was performed prior to each trial. The experiment was
presented on a 102-cm screen (diagonal) with an aspect ratio
of 16:9 and a resolution of 1,920 x 1,080 pixels. Participants
were seated 100 cm from the monitor. The physical horizontal
field of view of the screen at this distance was 47.7°.
Design
The experiment followed a mixed 2 (Age Group: young vs.
older adults) × 3 (Condition: Rotate, Same, Swap) x 3
(Perspective Shift: 0°, 45°, 135°) design with Condition and
Perspective Shift manipulated within participants.
Procedure
Both younger and older adults completed the MoCA before
taking part in the experiment. To familiarise participants with
the virtual environments, we asked them to watch a 24-s video
clip providing a 360° overview of the virtual roomwithout the
objects.
Each experimental trial started with a fixation cross and a
scrambled stimuli mask (1,500 ms). In the subsequent learn-
ing phase, participants were presented with a rendering of one
of the six unique configurations of the objects from one of the
eight possible viewpoints (48 different renderings) for 12 s.
After this learning phase, participants were again presented
with a fixation cross and a scrambled stimuli mask for 1,500
ms (Fig. 1A). In the test phase, participants were presented
with a rendering of the room either from the same viewpoint
(0°) or from a different viewpoint that involved a 45° or 135°
perspective shift. Each perspective level (0°, 45°, and 135°)
was used in a third of all trials.
Participants’ task was to decide whether or not the loca-
tions of the objects (the pink vases) in the test phase were
identical to those in the learning phase. In 50% of the trials
the objects remained in the same locations, whilst they moved
between learning and test in the remaining 50% of the trials.
Specifically, the locations of the objects were changed either
by swapping the locations of two of the three clusters (Swap
condition) or by rotating the cluster consisting of two or three
objects by 60° (Rotate condition, Fig. 1B). While the Swap
manipulation changed the whole spatial arrangement and
could be detected using coarse spatial representation, the
Rotate manipulation was more subtle as it maintained the
overall configuration of objects and required a fine-grained
spatial representation. It should be noted that the cluster
consisting of one object was never rotated, as this would not
yield a change in the position/orientation of that cluster.
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The experiment consisted of 192 experimental trials pre-
sented in randomised order and preceded by ten practice trials.
The entire study took around 2 hours to complete and partic-
ipants were free to take breaks when they wished. Overall,
96% of our participants completed the entire study with two
older adults withdrawing from the experiment after complet-
ing 144 trials and one younger adult after completing 168
trials.
Data analysis
Stastistical analyses were carried out using R (R Core Team,
2013) with the exception of diffusion modelling, which was
carried out using fastDM (Voss & Voss, 2007). The parameters
that were obtained from diffusion modelling (drift rate, response
conservativeness, non-decision response times) as well as be-
havioural data (d’ and Bias, sdt.rmcs package in R; Todorova,
2017) were analysed with linear mixed-effects models (LME)
using LME4 (Bates, Kliegl, Vasishth, & Baayen, 2015) in R (R
Core Team, 2013). For the d’ and the bias LMEs we defined the
contrasts as follows: Age Group and Condition (Rotate/Swap)
were coded using effect coding; Perspective Shift was defined
as successive difference contrasts (MASS package in R;
Venables & Ripley, 2002) so that the 0° was compared to 45°
and 45° was compared to 135°. For drift rate and boundary
separation analysis the same contrasts were used for Age
Group and Perspective Shift whilst Condition (No Change/







Fig. 1 (A) Experimental protocol. (B) Examples of experimental stimuli for different conditions (Same, Swap and Rotate) and perspective shift (0°, 45°,
135°)
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Change condition as the baseline. Age Group, Perspective Shift
and Condition were used as fixed factors across all LMEs. All
models included the maximal random effects structure justified
by the design: for d’ a random by-subject intercept and slope for
Condition and Perspective Shift (no interaction) were used. For
drift rate and boundary separation analysis only a random by-
subject intercept was used.
Differences between age groups in gaze parameters, non-
decision response times and starting bias were examined using
the Bootstrap-t method (5,000 resampling) with 20% trimmed
means (Wilcox & Keselman, 2003). This method provides a
more robust estimation of central tendency than a standard t-
test as it reduces the probability of type 1 error and bias and
does not compromise power as compared to median-based
methods (Wilcox & Keselman, 2003).
To estimate the parameters of the diffusion model we used
the Kolmogorov-Smirnov (KS) test statistic T (Kolmogoroff,
1941) as the optimization criterion in an iterative search for the
best-fitting model solution (Voss, Voss, & Lerche, 2015). We
estimated the drift rate (v) and response conservativeness for
each participant across each experimental condition
(Perspective Shift [0°, 45°, 135°] and Condition [Swap,
Rotate]). We also estimated the starting point bias (z) for each
participant and the non-decision response time (t0). Based on
the procedure suggested by Voss et al. (2013), outliers were
removed from the individual response-time distributions using
the interquartile range method. This allowed estimating the
specified parameters for 37 young adults and 36 older adults.
Results
Behavioural data
Estimates of sensitivity (d’) and bias (c) were obtained for
each participant in the Swap and Rotate conditions and across
the different perspective shifts (0°, 45°, 135°). Coefficients,
standard errors and t-values are reported in Table 1 and show
that Age Group, Perspective Shift and Condition were all re-
liable predictors of d’ scores (Fig. 2A). Specifically, we found
a significant reduction in sensitivity in older adults when com-
pared to younger adults. Perspective shifts from both 0° to 45°
and from 45° to 135° also resulted in a significant reduction in
sensitivity. Overall, sensitivity was lower in the Rotate than in
the Swap condition.
We also found a significant interaction between Age Group
and Perspective Shift from 45° to 135° (Fig. 2B). There also
was a trend towards significance for the interaction between
Age Group x Perspective Shift at 0°–45° degrees.
Specifically, the decline in performance was lower in older
adults when the perspective shift increased from 45° to
135°. Finally, there was an interaction between Condition
and Perspective Shift (0°–45°) with a larger decline in
performance for the Swap condition than the Rotate condition
with the introduction of the 45° perspective shift (Fig. 2C).
Bias analysis suggested that participants were more conser-
vative in the Rotate condition than in the Swap condition.
Moreover, participants were less conservative with the intro-
duction and increase of the perspective shift. The LME anal-
ysis of bias is reported in Online Supplementary Materials.
Diffusion modelling
Model fit
Models that were at p < .05 level indicated model misfit. We
removed five participants, four from the older group and one
from the younger group, who had at least one significant
model. For the purposes of visual representation and statistical
analysis the drift rates in the No Change condition were mul-
tiplied by -1, as the correct answer in theNoChange condition
was the opposite to that in the Swap and Rotate conditions.
Starting biasWe did not find a starting bias (z) in older adults
(M = 0.48, p =.165), but there was a slight bias towards theNo
Change response in the younger group (M =0.47, p =.026).
The differences in starting bias between age groups were not
statistically significant (p =.77).
Non-decision response times As expected, we did find that
older adults had higher non-decision response times (t0) than
younger adults (Myoung = 1.00 s and Mold = 1.99 s, p<.001).
Coefficients, standard errors and t-values for the drift rate
(v) and response conservativeness (a) values are reported in
Table 2.
Drift rate We found that Age Group, Perspective Shift and
Condition were all significant predictors for drift rate.
Specifically, drift rate in our older participants was lower than
in the younger participants. In addition, across both age
groups there was a reduction in drift rate in the Rotate and
the Swap condition compared to the No Change condition.
We also found that the introduction (0°–45°) and the increase
(45°–135°) of the perspective shift led to a reduction in drift
rate, with the introduction of the perspective shift leading to a
larger decline in drift rate.
The reduction in the drift rate was smaller in the Rotate and
Swap conditions compared to the No Change condition when
the perspective shift was introduced and when it increased
from 45° to 135° in the Rotate condition. This is likely to be
due to relative ease of the No Change condition when no
perspective shift is present (see Fig. 3).
Response boundaries We found main effects of Age Group,
Condition and Perspective Shift on response boundaries.
Consistent with previous research using diffusion modelling
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in ageing (Starns & Ratcliff, 2010), older adults had wider
response boundaries, indicating that they needed to accumu-
late more information before making a decision and, as a
result, took longer to make the decision. We also found that
the response boundaries were wider in the Swap condition
compared to the No Change condition. The introduction of
perspective shift (0° vs. 45°) led to a substantial widening of
the response boundaries. A lesser increase was observed when
perspective shift was further increased from 45° to 135°. We
also found that older adults’ response boundaries increased in
the Swap as compared to the No Change condition. There also
was a trend for an interaction between Age Group and
Perspective Shift (t = 1.92), whereby older adults response
boundaries showed a larger increase compared to younger
adults when the perspective shift was introduced (0°–45°).
The increase in the response boundaries was smaller in the
Swap and Rotate conditions compared to No Change when
the perspective shift was introduced (0°–45°).
Fig. 2 Bar plots for the d’ values with mean (solid line) and 95% CIs
(grey-shaded area) with individual data points and violin plots. (A)
Performance across Age Groups, Condition and Perspective Shift. (B)
Younger and older participants’ as a function of Perspective Shift. (C)
Performance in the Swap and Rotate conditions as a function of
Perspective Shift
Table 1 Coefficients from d’ LME analysis
Predictors dPrime
Estimates std. Error t-value
Intercept 1.604 0.085 18.887
Age Group -0.179 0.085 -2.106
Condition (Rotate) -0.243 0.027 -9.081
Perspective Shift (0° to 45°) -0.705 0.063 -11.085
Perspective Shift (45° to 135°) -0.450 0.062 -7.295
Age Group: Condition (Rotate) -0.015 0.027 -0.542
Age Group: Perspective Shift (0° to 45°) -0.114 0.064 -1.796
Age Group: Perspective Shift (45° to 135°) 0.144 0.062 2.341
Condition (Rotate): Perspective Shift (0° to 45°) 0.154 0.040 3.878
Condition (Rotate): Perspective Shift (45° to 135°) 0.145 0.040 3.642
Age Group: Condition (Rotate): Perspective Shift (0° to 45°) 0.044 0.040 1.103
Age Group: Condition (Rotate): Perspective Shift (45° to 135°) -0.045 0.040 -1.119
Significant t values (|t|≥1.96) are shown in bold type
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Table 2 Coefficients from drift rate (v) and response boundaries (a) LME analysis
Predictors Drift rate Response boundaries
Estimates std. Error t-value Estimates std. Error t-value
(Intercept) 0.614 0.034 18.149 2.973 0.086 34.410
Age Group -0.103 0.034 -3.053 0.246 0.086 2.849
Condition (Rotate) -0.473 0.033 -14.423 0.063 0.043 1.452
Condition (Swap) -0.215 0.033 -6.551 0.261 0.043 6.040
Perspective Shift (0°–45°) -0.400 0.057 -7.028 0.968 0.075 12.961
Perspective Shift (45–135°) -0.118 0.057 -2.078 0.357 0.075 4.780
Age Group: Condition (Rotate) 0.000 0.033 0.013 0.055 0.043 1.265
Age Group: Condition (Swap) -0.004 0.033 -0.117 0.129 0.043 2.994
Age Group: Perspective Shift (0°–45°) -0.030 0.057 -0.524 0.143 0.075 1.915
Age Group: Perspective Shift (45°–135°) -0.001 0.057 -0.020 0.112 0.075 1.503
Condition (Rotate): Perspective Shift (0°–45°) 0.306 0.080 3.802 -0.428 0.106 -4.049
Condition (Swap): Perspective Shift
(0°–45°)
0.222 0.080 2.757 -0.583 0.106 -5.521
Condition (Rotate): Perspective Shift (45°–135°) 0.166 0.080 2.067 -0.064 0.106 -0.602
Condition (Swap): Perspective Shift (45°–135°) 0.031 0.080 0.379 -0.188 0.106 -1.779
Age Group: Condition (Rotate): Perspective Shift (0°–45°) 0.103 0.080 1.276 -0.056 0.106 -0.529
Age Group: Condition (Swap): Perspective Shift (0°–45°) 0.086 0.080 1.075 -0.119 0.106 -1.127
Age Group: Condition (Rotate): Perspective Shift (45°–135°) 0.011 0.080 0.131 -0.083 0.106 -0.785
Age Group: Condition (Swap): Perspective Shift (45°–135°) 0.066 0.080 0.822 -0.054 0.106 -0.512
Significant t values (|t|≥1.96) are shown in bold type
Fig. 3 Bar plots for the drift rate values as a function of Perspective Shift, Condition and Age Group with mean (solid line) and 95% CIs (grey-shaded
area) with individual data points and violin plots
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Eye-tracking results
The aim of the eye-tracking analysis was to investigate age
differences in encoding strategies and was therefore limited to
the encoding phase.
General saccade and fixation parameters
Looking at general saccade and fixation parameters, we
found differences between young and older age groups in
saccade frequency, saccade average velocity, saccade peak
velocity, saccade amplitude and saccade duration as well
as fixation duration and fixation frequency (Table 3).
Specifically, older adults made more saccades and of
higher in velocity and amplitude. They also made more,
but shorter, fixations compared to the younger adults.
Similar results were observed when trials were split into
correct and incorrect trials (see Online Supplementary
Materials). There were no differences in blink frequency
between the groups. Although these results suggest that
older and younger adults were using different gaze strate-
gies when encoding the stimuli, it is rather difficult to de-
duce the nature of these strategies from these general eye-
tracking measures.
Therefore, to further explore the differences in gaze char-
acteristics between age groups and to develop a better under-
standing of how these relate to encoding strategies, we visu-
ally inspected the gaze paths for a random subset of the trials.
This exploration suggested that our older adults tended to
‘look around more’, while the younger participants focused
more on the target objects (see Fig. 4 for examples of gaze
paths). There was substantial overlap of objects in the stimulus
set used in this study, which made the stimuli unsuitable for
interest-area analysis. For a post hoc analysis aiming to cap-
ture and quantify these observed differences and to compare
gaze behaviour across different stimuli, we used a stimulus-
independent grid cell measure.
Grid cell measure
To quantify the proportion of the stimulus that was examined
during a trial, we superimposed a 10 x 10 grid on the stimulus
display (Fig. 4). For each trial, we then calculated the total
number of grid cells that received at least one fixation similar
to the method used in Livingstone-Lee et al. (2011).We found
that older adults examined a larger proportion of the display
(M = 12.06) compared to younger adults (M = 10.12); t = -
5.60, p = <.001, CI = [-2.62, -1.27]. Note that both age groups
fixated only on a relatively small proportion of the display
(10.12% and 12.06%, respectively). The fact that younger
participants can perform the memory task better than the older
participants while at the same time viewing less of the overall
stimulus indicates that they were better at identifying the fea-
tures within the display that were important for solving the
task.
Gaze behaviour across the experiment
We also investigated if gaze behaviour changed across the
experiment by correlating the number of grid cells visited with
trial number for younger and older participants. There was a
large negative correlation in younger (r = -.74, p < .001) but
not in older participants (r = -.01, p = .621), suggesting that
younger participants adapted their gaze strategy and explored
less of the stimuli over the course of the experiment whilst
older participants’ gaze behaviour did not change. The corre-
lation coefficients between younger and older adults were
statistically different (z = -9.13, p < .001).
Partial-correlation analysis
To investigate whether differences in the number of grid cells
visited during encoding were, in fact, associated with perfor-
mance, we ran partial correlations between drift rates and sen-
sitivity (d’) with the number of grid cells visited, partialling
out chronological age. There were no significant correlations
Table 3 Means and inferential statistics for saccade and fixation parameters between younger and older adults from the Learning Phase
Gaze measure Mean young Mean older Confidence Interval t-value p-value
Saccade frequency 2.94 3.80 [-1.15, -0.57] -5.52 <.001
Average velocity 100.94 110.68 [-16.74, -2.75] -2.66 .007
Peak velocity 180.60 214.62 [-53.60, -14.46] -3.40 .003
Amplitude 3.86 4.49 [-1.06, -0.19] -2.76 .007
Saccade duration (ms) 32.48 34.95 [-4.87, -0.07] -2.07 .046
Fixation frequency 3.15 4.08 [-1.24, -0.63] -6.08 <.001
Fixation duration (ms) 325.33 270.15 [31.89, 78.48] 4.82 <.001
Blink frequency 0.44 0.38 [-0.06, 0.18] 0.96 .328
Significant p values are shown in bold type
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between drift rate and the number of grid cells visited (r = -.18,
p = .166) or between d’ and the number of grid cells visited (r
= -.11, p = .383).
However, given the differences between the Rotate and
Swap conditions in the behavioural findings, it is possible that
the relationship between the number of grid cells visited and
drift rate or d’ might be different across those two conditions.
We, therefore, ran partial correlations separately for the Rotate
and Swap conditions and found a significant correlation be-
tween the number of grid cells visited and drift rate in the
Rotate condition (r = -0.29, p = .022), but not in the Swap
condition (r = -0.13, p = 0.339). Similarly, there was a trend
for a negative correlation between number of grid cells visited
and d’ in the Rotate condition (r = -.22, p = .070) but not in the
Swap condition (r = .02, p = .885).
Discussion
In this study we used eye-tracking and diffusion modelling to
investigate age-related changes in spatial memory for object
locations. To ensure that the task did indeed address spatial
memory and could not simply be solved by image compari-
sons, we introduced perspective shifts in two-thirds of the
trials (Nardini, Thomas, Knowland, Braddick, & Atkinson,
2009). To investigate potential age-related differences in the
resolution of spatial representations, we changed the spatial
configuration between encoding and test by either swapping
clusters of objects (coarse change) or by rotating a cluster
within a scene (fine-grained change).
As expected, and in line with earlier research, we found that
older adults had overall greater difficulties with the task than
younger adults (cf. Hartley et al., 2007; Montefinese et al.,
2015; Muffato et al., 2019), which was reflected in perfor-
mance and drift rate differences between age groups. We also
found that older adults were generally more conservative in
their decision making and needed to accumulate more infor-
mation prior to deciding on a response. The introduction of
perspective shifts between encoding and test negatively affect-
ed performance in both age groups. Performance and drift
rates were lower in the Rotate condition, which required more
fine-grained spatial representations than the Swap condition.
In addition, both age groups became more conservative with
the introduction of a perspective shift and in the Swap condi-
tion, but this effect was more pronounced in older adults. We
also found differences in gaze behaviour between younger and
older adults, suggesting differences in encoding strategies.
The lower sensitivity to detect changes and the lower drift
rates in older adults suggest that they had greater difficulty in
detecting whether or not object positions within the room had
changed. These results are in line with previous research dem-
onstrating age-related deficits in memory for layouts of ob-
jects or environmental features experienced from different
perspectives during encoding and recall (Hartley et al., 2007;
Montefinese et al., 2015; Muffato et al., 2019). Given that the
target objects were present in learning and test, it is likely that
age-related reductions in performance were in part driven by
an inability to successfully bind the objects in the array to their
specific locations (Muffato et al., 2019). The current study
builds on previous research and suggests that an age-related
decline in object-location binding is not mediated by the pres-
ence or absence of visual and geometrical cues (Muffato et al.,
2019). The decline in older adults’ performance can be ex-
plained by age-related functional and morphological changes
in the hippocampal circuit (Antonova et al., 2009;
Meulenbroek et al., 2004;Moffat et al., 2007), which is crucial
for development of spatial memories and manipulation of spa-
tial memories to allow for perspective taking (King et al.,
2002) as well as object-location binding (Postma & van
der Ham, 2016; Zimmermann & Eschen, 2017).
To the best of our knowledge, the current study is the first
to apply diffusion modelling to investigate age-related chang-
es in spatial memory. Previously, diffusion modelling was
mostly used to analyse data from relatively fast and simple
reaction-time tasks, such as lexical decision or letter discrim-
ination tasks (Ratcliff et al., 2004a, b; Thapar, Ratcliff, &
McKoon, 2003). Our findings, consistent with Lerche and
Voss (2019), suggest that diffusionmodelling can also be used
to study decision making in more complex tasks with longer
response times. The observed age-related shift towards a more
Fig. 4 Trial examples with participant scan paths in a single trial with corresponding number of grid cells visited
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conservative response strategy is consistent with research that
used diffusion modelling to study cognitive ageing across a
number of different domains, including memory (Ratcliff,
Gomez, et al., 2004a; Spaniol et al., 2006), perceptual learning
(Ratcliff, Thapar & McKoon, 2006) and language (Ratcliff,
et al., 2004a). Thus, it appears that this age-related shift to-
wards a more conservative response strategy is not task/
domain-specific but extends across several cognitive domains
and tasks including those related to spatial memory. This shift
is likely to be driven by emphasis on different aspects of the
task between younger and older adults, with older adults being
less accepting of errors at the expense of time (cf. Starns &
Ratcliff, 2010).
Notably, older adults were not only more conservative in
their responses, but also had longer non-decision response
times. This could be due to slower visual encoding in older
adults, driven by age-related declines in visual function
(Owsley, 2011) and reduced motor speed (Ren et al., 2013).
These findings highlight the importance of distinguishing in-
formation processing from decisional style and non-decisional
components when analysing response-time data when study-
ing cognitive ageing as age-related changes were evident in all
these components. Together these components may explain
the overall increase in response times in older adults during
spatial-perspective taking reported in previous research
(Watanabe, 2011;Watanabe&Takamatsu, 2014). In addition,
we did not find starting bias in older adults, suggesting that
older participants did not exhibit pattern-completion bias in
the current task (Vieweg, Stangl, Howard, & Wolbers, 2015).
Unlike previous research in other cognitive domains that
used diffusion modelling to study cognitive ageing (Ratcliff
et al., 2004a, 2006a, b), we found an age-related decline in
drift rate. Note, however, that the tasks used in earlier studies
typically have only minimal memory demands and examine
very different cognitive mechanisms such as lexical decision
making or perceptual discrimination. Given that the introduc-
tion of a perspective shift equally affects younger and older
subjects, age-related deficits in spatial-perspective taking abil-
ities are unlikely to explain lower drift rates in older adults.
Instead, we interpret the lower drift rates in our study as evi-
dence of a reduced ability of our older adults to extract useful
information from both the test stimuli and the stored represen-
tation (obtained during encoding) required to solve the task.
As drift rates in the current task are reflective of the quality of
the stored representation, the ability to compare it to the test
stimuli, it is plausible that formation of an impoverished rep-
resentation during encoding contributes to the observed lower
drift rates. This idea is consistent with Ratcliff et al. (2004a),
who interpreted drift rates as evidence of the quality of the
memory trace for studied items in a recognition memory task.
Given this interpretation of drift rates, lower drift rates in
ageing are indicative of a specific spatial-processing deficit
in ageing.
In line with previous research (Montefinese et al., 2015;
Muffato et al., 2019; Watanabe, 2011), we observed perfor-
mance declines with the introduction of a perspective shift in
both age groups. These findings suggest that the 0° condition
is qualitatively different from the conditions with a perspec-
tive shift. Specifically, the task in the 0° condition can be
solved by accessing the learning scene from memory and
using image matching to detect changes (Milner & Goodale,
2008; Nardini et al., 2009). However, when a perspective shift
is introduced, the task becomes a spatial-perspective taking
task that cannot be ‘simply’ solved by image matching.
Instead, additional mental transformation of the stored spatial
configuration to match the perspective at test with that of
encoding (Hegarty & Waller, 2004) are required. These addi-
tional transformations are likely to recruit further brain re-
gions, including the hippocampus circuit, which is associated
with spatial processing (Mellet et al., 2000; Shelton &
Gabrieli, 2002). Importantly, the performance and drift rate
decline following the introduction of a perspective shift (i.e.
from 0° to 45°) was almost three times larger than the decline
observed when the perspective shift increased from 45° to
135°. These results suggest that it is the initiation of these
mental transformations rather than the amount by which the
spatial representations need to be transformed that produces
the higher cognitive cost. Interestingly, this interpretation is
inconsistent with findings from mental rotation research,
which show that cognitive costs increase with increasing an-
gular disparity, typically resulting in a linear increase in re-
sponse times (Lohman, 1986; Shepard & Metzler, 1971). As
we did not find a linear decrease in performance it is unlikely
that our participants rotated the array to solve the tasks.
Instead, they were more likely to imagine moving around
the array to either match the test viewpoint with the encoded
viewpoint or vice versa (King et al., 2002).
Participants in both age groups adopted a more conserva-
tive response strategy in trials in which the perspective shift
was introduced and there was a trend for this increase to be
higher in older adults. In addition, further increases in perspec-
tive shift resulted in adoption of even more conservative re-
sponse strategies across both age groups. It is not surprising
that participants have wider decision boundaries when a per-
spective shift is introduced, as they need to accumulate extra
information to inform them about their new orientation. In
addition, after participants accumulate information about the
new orientation, they need to perform extra mental computa-
tions (Holmes et al., 2018), which come with an increased
cognitive cost, to transform their stored representation of ob-
ject locations to be consistent with that new perspective, and
this additional cognitive demand is reflected in lower drift
rates. Those results highlight that the spatial perspective shift
not only increases processing demands but that it induces
changes in response strategies, which are differentially affect-
ed by ageing. This is particularly important for research on
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spatial-perspective taking that frequently relies onmeasures of
response times as a marker of performance (i.e. Spatial
Orientation Test; Guilford & Zimmerman, 1948; Hegarty &
Waller, 2004).
Results of previous research on the effects of ageing on
spatial-perspective taking are mixed (Montefinese et al.,
2015; Muffato et al., 2019; Watanabe, 2011). If there is an
age-related spatial-perspective-taking deficit, we expected to
find an age-by-perspective interaction. Although we did find
an interaction, it was not of the form we expected.
Specifically, we found that performance in older adults did
not decline as much as it did in younger participants
when the perspective shift was increased from 45° to 135°;
this is consistent withMontefinese et al.’s (2015) findings.We
believe that this interaction was driven by older adults being
more affected by the introduction of a perspective shift (inter-
action approaching significance). This contrasts with the per-
formance of the younger group, suggesting that the younger
group was better able to deal with the introduction of a per-
spective shift as they showed a more linear decline in perfor-
mance with the increasing size of the perspective shifts, which
at 135° almost matched the performance of the older adults
group. Therefore, the larger drop in performance in older
adults with the introduction of the perspective shift and no
decline in performance with the increase of the perspective
shift suggests that ageing may be affecting the initiation of
the extra mental computations that are required for spatial-
perspective taking. In addition, the age-by-perspective inter-
action may arise due to floor performance. That is, it is possi-
ble that older adults perform at floor levels when the perspec-
tive shift is introduced, and their performance thus remains
unchanged with the increase in the perspective shift
Our results show that theRotate conditionwasmore difficult
than the Swap condition. This was expected as the Swap con-
dition, but not the Rotate condition, could be solved with a
coarse spatial representation. Specifically, the Swap condition
can be solved by representing the spatial relationships between
the object clusters or the coarse locations of the object clusters
in the room. The Rotate condition, in contrast, also requires
participants to encode the precise orientation of each object
cluster either relative to the other clusters or relative to the
room. This additional difficulty in the Rotate condition is
reflected in substantially lower drift rates, which suggests that
participants found it more difficult to extract useful information
to identify a change in object positions when comparing the
memory trace formulated during encoding to the position of
objects at test. Surprisingly, we found that participants were
more conservative in the Swap than in the Rotate condition.
One possible explanation for this effect is that participants pre-
ferred to accumulate more information in the Swap condition,
thus increasing the likelihood of producing correct answers. In
contrast, in the Rotate condition, extracting useful information
was more difficult (reflected in low drift rates), and spending
additional time would not necessarily lead to any substantial
information gain. This explanation may also apply to the Age
Group and Condition interaction, in which older adults’ re-
sponse boundaries were wider in the Swap condition.
One of the aims of this study was the examination of age-
related differences in spatial-encoding strategies using eye track-
ing and how those potential strategy differences are related to
performance differences. We first examined general gaze pat-
terns during encoding and found that older adults made more
saccades than younger participants that were larger in amplitude
and velocity (peak and average) and longer in duration. They
also made more fixations that were consequently shorter in du-
ration as they are bound by fixed encoding times. These patterns
are not reflective of previous ageing research using other tasks
that have reported that ageing is associated with reductions in
saccade amplitudes, velocity and frequency (Dowiasch, Marx,
Einhäuser, & Bremmer, 2015; Hilton, Miellet, Slattery, Wiener,
2019; Porter et al., 2010;Williams, Zacks, & Henderson, 2009).
Consistent with our findings, Açik, Sarwary, Schultze-Kraft,
Onat, and König (2010) found that older adults made more
fixations when viewing complex visual stimuli. However, they
also reported that saccade amplitudes were lower in older adults.
One explanation for age-related declines in saccade amplitudes
along with an increased fixation count is that the size of useful
field of view declines in older age, resulting in an increased
number of fixations that are closer to each other (Sekuler,
Bennett, & Mamelak, 2000). This account does not, however,
explain our findings as older adults produced saccades with
larger amplitudes. We thus believe that the differences in these
general parameters in this study reflect differences in encoding
strategies rather than resulting from the general ageing of the
oculomotor system.
In the current task, the environment contained room-based
cues and room geometry. This contrasts with Muffato et al.’s
(2019) study where objects were presented in an open-field
and object locations could only be remembered by encoding
the spatial relationships between the objects, whilst in our task
participants could use different encoding strategies to encode
object locations. Specifically, participants could either encode
locations by focusing on the spatial relations among object
clusters or by relating the object positions to other cues.
Adoption of the latter strategy may be reflected in the gaze
data as participants would presumably fixate on the objects as
well as on the environmental cues.
To further explore how age differences in general gaze
patterns might translate to differences in spatial encoding
strategies, we looked at the percentage of the stimulus
attended to during encoding. Specifically, we found that older
adults examined more of the stimuli. We interpret these find-
ings as indicative of older adults employing an encoding strat-
egy in which they tend to remember target object positions in
relation to room-based cues, while younger adults focus on the
spatial relationship between object clusters.
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An alternative explanation forwhy older adults were looking
at room-based cues is that they were distracted by their pres-
ence. This is consistent with a prominent theory of cognitive
ageing stating that older adults have difficulty in inhibiting
attention to salient but task-irrelevant stimuli (Hasher &
Zacks, 1988). The current design does not allow us to differen-
tiate between those two alternative explanations as the stimulus
set was not suited for interest-area analyses. We are, however,
currently running further experiments to distinguish between
these alternative explanations. Preliminary analyses of these
experiments suggest that older adults rely on extra cues to fa-
cilitate encoding (Segen et al., in preparation). To further inves-
tigate age-related differences in encoding strategies, future re-
search could also make use of verbal reports during encoding or
retrospective strategy reports. Such approaches may shed light
on whether older adults explicitly adapt their encoding strate-
gies to compensate for spatial memory deficits.
Interestingly, we found a negative correlation between the
percentage of stimuli attended to and drift rate, but only in the
Rotate condition. Our conjecture is that participants who ex-
plored a smaller proportion of the stimuli were more efficient at
sampling the parts of stimuli that were most informative for
formulating the fine-grained representations required to solve
the task in this condition. The higher drift rate in the Rotate
condition is in line with this explanation. However, in situations
in which a coarser representation is sufficient, relating target
objects to environmental cues is sufficient to solve the task.
As already noted, older adults were more likely to look around
more during encoding, which could be indicative of coarser
spatial encoding. Adoption of such an encoding strategy would
have enabled them to solve the Swap condition but not the
Rotate; this interpretation is consistent with our diffusion-
modelling results as the drift rates are around zero for older
adults in the Rotate condition and are slightly higher in the
Swap condition. Drift rates around zero imply that older partic-
ipants are sampling from a largely uninformative representa-
tions in the Rotate condition, whilst the positive drift rates in
the Swap condition are indicative of ability to extract some
useful information from the comparison between the stored
representation formed during encoding and test stimuli to detect
if the spatial arrangement has changed. In addition, we also
found that in younger participants gaze became more focused
over the course of the experiment whilst in older adults gaze
remained consistent throughout the experiment.We believe this
adaptation of gaze behaviour in our young participants reflects
their ability to improve their encoding strategy with practice.
Overall, our exploratory eye-tracking analyses suggest that
spatial representations useful for the task presented here can be
enhanced by adopting a visual-encoding strategy that involves
focusing on the to-be-encoded objects. This interpretation is
consistent with research showing that focal shifts of spatial
selective attention to the memorised locations is associated with
active maintenance of location-specific representations within
visuo-spatial working memory (Awh, Jonides, & Reuter-
Lorenz, 1998; Shimi & Scerif, 2017; Smyth & Scholey,
1994). Thus, by focusing on the to-be-remembered objects par-
ticipants are more likely to maintain location-specific represen-
tations within their visuo-spatial working memory. This
encoding behaviour is likely to contribute to the formation of
a stronger long-term memory trace that participants can access
at test (Ranganath, Cohen, & Brozinsky, 2005). Young partic-
ipants were more likely to adopt this strategy during encoding,
which could explain higher performance in our younger adults’
group. However, those interpretations would benefit from fur-
ther investigation as the reported correlations were explorative
in nature and yielded relatively small effects.
In summary, we have presented a novel task to investigate
age-related differences in the ability to encode spatial relation-
ships between objects and to recognize them across different
viewpoints. As expected, we found that older adults performed
worse than younger participants on the task, and overall partic-
ipants found the condition that required more fine-grained spa-
tial representations harder than the condition that could be
solved using a coarser representation. We also found that older
adults’ encoding strategies differed from those of younger par-
ticipants. Moreover, the differences in encoding strategies iden-
tified via eye-movement behaviour were correlated with perfor-
mance differences across different manipulations. This high-
lights the value of using eyemovements to study tasks involving
the memory of visual scenes. Our diffusion-modelling analysis
shows that declines in spatial memory are likely to be driven by
specific declines in spatial processing rather than general age-
related declines in cognition, whilst also highlighting that an
age-related shift towards a more conservative response strategy
appears to extend across a wide range of cognitive tasks.
Open practices statement The datasets generated during and/
or analysed during the current study are available in the Open
Science Framework repository, https://osf.io/xh5kd/. This
experiment was not preregistered.
Compliance with ethical standards
Conflict of Interest The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes weremade. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
Mem Cogn
References
Açik, A., Sarwary, A., Schultze-Kraft, R., Onat, S., & König, P. (2010).
Developmental changes in natural viewing behavior: Bottomup and
top-down differences between children, young adults and older
adults. Frontiers in Psychology, 1(NOV), 1–14. https://doi.org/10.
3389/fpsyg.2010.00207
Allison, S., & Head, D. (2017). Route repetition and route reversal:
Effects of age and encoding method. Psychology and Aging,
32(3), 220–231. https://doi.org/10.1037/pag0000170
Antonova, E., Parslow, D., Brammer, M., Dawson, G. R., Jackson, S. H.
D., & Morris, R. G. (2009). Age-related neural activity during
allocentric spatial memory. Memory, 17(2), 125–143. https://doi.
org/10.1080/09658210802077348
Awh, E., Jonides, J., & Reuter-Lorenz, P. A. (1998). Rehearsal in Spatial
Working Memory. Journal of Experimental Psychology: Human
Perception and Performance. https://doi.org/10.1037/0096-1523.
24.3.780
Bates, D., Kliegl, R., Vasishth, S., & Baayen, H. (2015). Parsimonious
mixed models. arXiv preprint arXiv:1506.04967
Bécu, M., Sheynikhovich, D., Tatur, G., Agathos, C. P., Bologna, L. L.,
Sahel, J.-A., & Arleo, A. (2019). Age-related preference for geomet-
ric spatial cues during real-world navigation. Nature Human
Behaviour, 1–12. https://doi.org/10.1038/s41562-019-0718-z
Christou, C., & Bülthoff, H. H. (2000). Using Realistic Virtual
Environments in the Study of Spatial Encoding. https://doi.org/10.
1007/3-540-45460-8_23
Coutrot, A., Schmidt, S., Coutrot, L., Pittman, J., Hong, L., Wiener, J. M.,
… Spiers, H. J. (2019). Virtual navigation tested on a mobile app is
predictive of real-world wayfinding navigation performance. PLoS
ONE, 14(3), 1–15. https://doi.org/10.1371/journal.pone.0213272
Cowell, R. A., Barense, M. D., & Sadil, P. S. (2019). A roadmap for
understanding memory: Decomposing cognitive processes into op-
erations and representations. Eneuro, 6(4). https://doi.org/10.1523/
ENEURO.0122-19.2019
Cushman, L. A., Stein, K., & Duffy, C. J. (2008). Detecting navigational
deficits in cognitive aging and Alzheimer disease using virtual real-
ity. Neurology, 71(12), 888–895.
Dowiasch, S., Marx, S., Einhäuser, W., & Bremmer, F. (2015). Effects of
aging on eye movements in the real world. Frontiers in Human
Neuroscience, 9(Feb), 1–12. https://doi.org/10.3389/fnhum.2015.
00046
Ekstrom, A. D., & Yonelinas, A. P. (2020). Precision, binding, and the
hippocampus: Precisely what are we talking about?.
Neuropsychologia, 138. 10.1016/j.neuropsychologia.2020.107341
Epstein, R., Harris, A., Stanley, D., & Kanwisher, N. (1999). The
parahippocampal place area: Recognition, navigation, or encoding?
Neuron, 23(1), 115–125. https://doi.org/10.1016/S0896-6273(00)
80758-8
Evensmoen, H. R., Lehn, H., Xu, J., Witter, M. P., Nadel, L., & Håberg,
A. K. (2013). The anterior hippocampus supports a coarse, global
environmental representation and the posterior hippocampus sup-
ports fine-grained, local environmental representations. Journal of
Cognitive Neuroscience, 25(11), 1908–1925.
Erez, J., Lee, A. C. H., & Barense, M. D. (2013). It does not look odd to
me: Perceptual impairments and eye movements in amnesic patients
with medial temporal lobe damage. Neuropsychologia, 51(1), 168–
180. https://doi.org/10.1016/j.neuropsychologia.2012.11.003
Goodrich-Hunsaker, N. J., & Hopkins, R. O. (2010). Spatial memory
deficits in a virtual radial arm maze in amnesic participants with
hippocampal damage. Behavioral Neuroscience, 124(3), 405–413.
https://doi.org/10.1037/a0019193
Grzeschik, R., Conroy-Dalton, R., Innes, A., Shanker, S., &Wiener, J.M.
(2019). The contribution of visual attention and declining verbal
memory abilities to age-related route learning deficits. Cognition,
187, 50–61. https://doi.org/10.1016/j.cognition.2019.02.012
Guilford, J. P., & Zimmerman, W. S. (1948). The Guilford-Zimmerman
Aptitude Survey. Journal of Applied Psychology, 32(1), 24.
Hartley, T., Bird, C. M., Chan, D., Cipolotti, L., Husain, M., Varga-
Khadem, F., & Burgess, N. (2007). The hippocampus is required
for short-term topographical memory in humans. Hippocampus,
17(1), 34–48. https://doi.org/10.1002/hipo.20240
Hartley, T., Maguire, E. A., Spiers, H. J., & Burgess, N. (2003). The
Well-Worn Route and the Path Less Traveled: Distinct Neural
Bases of Route Following and Wayfinding in Humans. Neuron,
37(5), 877–888. https://doi.org/10.1016/S0896-6273(03)00095-3
Hasher, L., & Zacks, R. T. (1988). Working Memory, Comprehension,
andAging: AReview and a NewView.Psychology of Learning and
Motivation - Advances in Research and Theory, 22, 193–225.
https://doi.org/10.1016/S0079-7421(08)60041-9
Head, D., & Isom, M. (2010). Age effects on wayfinding and route
learning skills. Behavioural Brain Research, 209(1), 49–58.
https://doi.org/10.1016/j.bbr.2010.01.012
Hegarty,M., &Waller, D. (2004). A dissociation betweenmental rotation
and perspective-taking spatial abilities. Intelligence, 32(2), 175–
191. https://doi.org/10.1016/j.intell.2003.12.001
Hilton, C., Miellet, S., Slattery, T. J., &Wiener, J. (2019). Are age-related
deficits in route learning related to control of visual attention?
Psychological Research, 1–12. https://doi.org/10.1007/s00426-
019-01159-5
Holmes, C. A., Newcombe, N. S., & Shipley, T. F. (2018).Move to learn:
Integrating spatial information frommultiple viewpoints.Cognition,
178, 7–25. https://doi.org/10.1016/j.cognition.2018.05.003
Inagaki, H., Meguro, K., Shimada, M., Ishizaki, J., Okuzumi, H., &
Yamadori, A. (2002). Discrepancy between mental rotation and
perspective-taking abilities in normal aging assessed by Piaget’s
Three-Mountain Task. Journal of Clinical and Experimental
Neuropsychology, 24(1), 18–25. https://doi.org/10.1076/jcen.24.1.
18.969
King, J. A., Burgess, N., Hartley, T., Vargha-Khadem, F., & O’Keefe, J.
(2002). Human hippocampus and viewpoint dependence in spatial
memory. Hippocampus, 12(6), 811–820. https://doi.org/10.1002/
hipo.10070
Klencklen, G., Després, O., & Dufour, A. (2012). What do we know
about aging and spatial cognition? Reviews and perspectives.
Ageing Research Reviews, 11(1), 123–135. https://doi.org/10.
1016/j.arr.2011.10.001
Kolarik, B. S., Baer, T., Shahlaie, K., Yonelinas, A. P., & Ekstrom, A. D.
(2018). Close but no cigar: Spatial precision deficits following me-
dial temporal lobe lesions provide novel insight into theoretical
models of navigation and memory. Hippocampus, 28(1), 31–41.
https://doi.org/10.1002/hipo.22801
Kolarik, B. S., Shahlaie, K., Hassan, A., Borders, A. A., Kaufman, K. C.,
Gurkoff, G., … Ekstrom, A. D. (2016). Impairments in precision,
rather than spatial strategy, characterize performance on the virtual
Morris Water Maze: A case study. Neuropsychologia, 80, 90–101.
https://doi.org/10.1016/j.neuropsychologia.2015.11.013
Kolmogoroff, A. (1941). Confidence Limits for anUnknownDistribution
Function. The Annals of Mathematical Statistics, 12(4), 461–463.
https://doi.org/10.1214/aoms/1177731684
Lerche, V., & Voss, A. (2019). Experimental validation of the diffusion
model based on a slow response time paradigm. Psychological
Research, 83(6), 1194–1209. https://doi.org/10.1007/s00426-017-
0945-8
Lester, A. W., Moffat, S. D., Wiener, J. M., Barnes, C. A., &Wolbers, T.
(2017). The Aging Navigational System. Neuron, 95(5), 1019–
1035. https://doi.org/10.1016/j.neuron.2017.06.037
Livingstone-Lee, S. A., Murchison, S., Zeman, P. M., Gandhi, M., van
Gerven, D., Stewart, L., … Skelton, R. W. (2011). Simple gaze
analysis and special design of a virtual Morris water maze provides
Mem Cogn
a new method for differentiating egocentric and allocentric naviga-
tional strategy choice. Behavioural Brain Research, 225(1), 117–
125. https://doi.org/10.1016/j.bbr.2011.07.005
Lohman, D. F. (1986). The effect of speed-accuracy tradeoff on sex
differences in mental rotation. Perception & Psychophysics, 39(6),
427–436. https://doi.org/10.3758/BF03207071
Luis, C. A., Keegan, A. P., & Mullan, M. (2009). Cross validation of the
Montreal Cognitive Assessment in community dwelling older adults
residing in the Southeastern US. International Journal of Geriatric
Psychiatry, 24(2), 197–201. https://doi.org/10.1002/gps.2101
Mathôt, S., Schreij, D., & Theeuwes, J. (2012). OpenSesame: An open-
source, graphical experiment builder for the social sciences.
Behavior Research Methods, 44(2), 314–324. https://doi.org/10.
3758/s13428-011-0168-7
Mellet, E., Bricogne, S., Tzourio-Mazoyer, N., Ghaëm, O., Petit, L.,
Zago, L., … Denis, M. (2000). Neural correlates of topographic
mental exploration: The impact of route versus survey perspective
learning. NeuroImage, 12(5), 588–600. https://doi.org/10.1006/
nimg.2000.0648
Meulenbroek, O., Petersson, K. M., Voermans, N., Weber, B., &
Fernández, G. (2004). Age differences in neural correlates of route
encoding and route recognition. NeuroImage, 22(4), 1503–1514.
https://doi.org/10.1016/j.neuroimage.2004.04.007
Milner, A. D., & Goodale, M. A. (2008). Two visual systems re-viewed.
Neuropsychologia, 46(3), 774–785. https://doi.org/10.1016/j.
neuropsychologia.2007.10.005
Moffat, S. D., Kennedy, K. M., Rodrigue, K. M., & Raz, N. (2007).
Extrahippocampal contributions to age differences in human spatial
navigation. Cerebral Cortex, 17(6), 1274–1282. https://doi.org/10.
1093/cercor/bhl036
Montefinese, M., Sulpizio, V., Galati, G., & Committeri, G. (2015). Age-
related effects on spatial memory across viewpoint changes relative
to different reference frames. Psychological Research, 79(4), 687–
697. https://doi.org/10.1007/s00426-014-0598-9
Morris, R. G., Garrud, P., Rawlins, J. A., & O’Keefe, J. (1982). Place
navigation impaired in rats with hippocampal lesions. Nature,
297(5868), 681–683
Mueller, S. C., Jackson, C. P., & Skelton, R. W. (2008). Sex differences
in a virtual water maze: An eye tracking and pupillometry study.
Behavioural Brain Research, 193(2), 209–215.
Muffato, V., Hilton, C., Meneghetti, C., De Beni, R., & Wiener, J. M.
(2019). Evidence for age-related deficits in object-location binding
during place recognition. Hippocampus, 29(10), 971–979. https://
doi.org/10.1002/hipo.23099
Nardini, M., Thomas, R. L., Knowland, V. C., Braddick, O. J., &
Atkinson, J. (2009). A viewpoint-independent process for spatial
reorientation. Cognition, 112(2), 241-248. https://doi.org/10.1016/
j.cognition.2009.05.003
Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S.,
Whitehead, V., Collin, I., … Chertkow, H. (2005). The Montreal
Cognitive Assessment, MoCA: A brief screening tool for mild cog-
nitive impairment. Journal of the American Geriatrics Society,
53(4), 695–699. https://doi.org/10.1111/j.1532-5415.2005.53221.x
Nilakantan, A. S., Bridge, D. J., VanHaerents, S., & Voss, J. L. (2018).
Distinguishing the precision of spatial recollection from its success:
Evidence from healthy aging and unilateral mesial temporal lobe
resection. Neuropsychologia, 119, 101–109. https://doi.org/10.
1016/j.neuropsychologia.2018.07.035
Owsley, C. (2011). Aging and vision. Vision Research, 51(13), 1610–
1622. https://doi.org/10.1016/j.visres.2010.10.020
Porter, G., Tales, A., Troscianko, T., Wilcock, G., Haworth, J., &
Leonards, U. (2010). New insights into feature and conjunction
search: I. Evidence from pupil size, eye movements and ageing.
Cortex, 46(5), 621–636. https://doi.org/10.1016/J.CORTEX.2009.
04.013
Postma, A., & van der Ham I. J. M. (2016). Keeping track of where things
are in space: object location memory. In Neuropsychology of space:
spatial functions of the human brain (pp. 231–265). San Diego:
Elsevier.
Postma, A., Kessels, R. P. C., & van Asselen, M. (2008). How the brain
remembers and forgets where things are: The neurocognition of
object-location memory. Neuroscience and Biobehavioral
Reviews, 32(8), 1339–1345. https://doi.org/10.1016/j.neubiorev.
2008.05.00110.1016/j.neubiorev.2008.05.001
R Core Team (2013). A language and environment for statistical comput-
ing. R Foundation for Statistical Computing, Vienna, Austria. http://
www.R-project.org/
Ranganath, C., Cohen, M. X., & Brozinsky, C. J. (2005). Working mem-
ory maintenance contributes to long-term memory formation:
Neural and behavioral evidence. Journal of Cognitive
Neuroscience, 17(7), 994–1010. https://doi.org/10.1162/
0898929054475118
Ratcliff, R., Gomez, P., Thapar, A., & McKoon, G. (2004a). A diffusion
model analysis of the effects of aging in the lexical-decision task.
Psychology and Aging, 19(2), 278–289. https://doi.org/10.1037/
0882-7974.19.2.278
Ratcliff, R., McKoon, G., & Gomez, P. (2004b). A Diffusion Model
Account of the Lexical Decision Task. Psychological Review,
111(1), 159–182. https://doi.org/10.1037/0033-295X.111.1.159
Ratcliff, R., & Rouder, J. N. (1998). Modeling Response Times for Two-
Choice Decisions. Psychological Science, 9(5), 347–356. https://
doi.org/10.1111/1467-9280.00067
Ratcliff, R., Smith, P. L., Brown, S. D., &McKoon, G. (2016). Diffusion
Decision Model: Current Issues and History. Trends in Cognitive
Sciences, 20(4), 260–281. https://doi.org/10.1016/j.tics.2016.01.
007
Ratcliff, R., Thapar, A., & McKoon, G. (2006a). Aging and individual
differences in rapid two-choice decisions. Psychonomic Bulletin and
Review, 13(4), 626–635. https://doi.org/10.3758/BF03193973
Ratcliff, R., Thapar, A., & McKoon, G. (2006b). Aging, practice, and
perceptual tasks: A diffusionmodel analysis.Psychology and Aging,
21(2), 353–371. https://doi.org/10.1037/0882-7974.21.2.353
Ren, J., Wu, Y. D., Chan, J. S. Y., & Yan, J. H. (2013). Cognitive aging
affects motor performance and learning. Geriatrics and
Gerontology International. https://doi.org/10.1111/j.1447-0594.
2012.00914.x
Schmidt, D., Krause, B. J., Weiss, P. H., Fink, G. R., Shah, N. J.,
Amorim, M. A.,… Berthoz, A. (2007). Visuospatial working mem-
ory and changes of the point of view in 3D space. NeuroImage,
36(3), 955–968. https://doi.org/10.1016/j.neuroimage.2007.03.050
Schütt, H. H., Rothkegel, L. O., Trukenbrod, H. A., Engbert, R., &
Wichmann, F. A. (2019). Disentangling bottom-up versus top-
down and low-level versus high-level influences on eye movements
over time. Journal of Vision, 19(3), 1–23. https://doi.org/10.1167/
19.3.1
Sekuler, A. B., Bennett, P. J., &Mamelak, M. (2000). Effects of aging on
the useful field of view. Experimental Aging Research, 26(2), 103–
120. https://doi.org/10.1080/036107300243588
Shelton, A. L., & Gabrieli, J. D. E. (2002). Neural Correlates of Encoding
Space from Route and Survey Perspectives. Journal of
Neuroscience, 22(7), 2711–2717. https://doi.org/10.1523/
jneurosci.22-07-02711.2002
Shepard, R. N., & Metzler, J. (1971). Mental rotation of three-
dimensional objects. Science, 171(3972), 701–703. https://doi.org/
10.1126/science.171.3972.701
Shimi, A., & Scerif, G. (2017). Towards an integrative model of visual
short-term memory maintenance: Evidence from the effects of at-
tentional control, load, decay, and their interactions in childhood.
Cognition, 169, 61–83.
Mem Cogn
Smyth,M.M., & Scholey, K. A. (1994). Interference in immediate spatial
memory. Memory & Cognition, 22(1), 1–13. https://doi.org/10.
3758/BF03202756
Spaniol, J., Madden, D. J., & Voss, A. (2006). A diffusion model analysis
of adult age differences in episodic and semantic long-term memory
retrieval. Journal of Experimental Psychology: Learning Memory
and Cognition, 32(1), 101–117. https://doi.org/10.1037/0278-7393.
32.1.101
Starns, J. J., & Ratcliff, R. (2010). The effects of aging on the speed-
accuracy compromise: Boundary optimality in the diffusion model.
Psychology and Aging, 25(2), 377–390. https://doi.org/10.1037/
a0018022
Schütt, H. H., Rothkegel, L. O., Trukenbrod, H. A., Engbert, R., &
Wichmann, F. A. (2019). Disentangling bottom-up versus top-
down and low-level versus high-level influences on eye movements
over time. Journal of Vision, 19(3), 1–23. https://doi.org/10.1167/
19.3.1
Thapar, A., Ratcliff, R., & McKoon, G. (2003). A diffusion model anal-
ysis of the effects of aging on letter discrimination. Psychology and
Aging, 18(3), 415–429. https://doi.org/10.1037/0882-7974.18.3.415
Todorova, G., (2017). sdt.rmcs: One line signal detection analysis. R
package version 0.1.0. https://github.com/gretat/sdt.rmcs
Vargha-Khadem, F., Gadian, D. G., Watkins, K. E., Connelly, A., Van
Paesschen, W., & Mishkin, M. (1997). Differential effects of early
hippocampal pathology on episodic and semantic memory. Science,
277(5324), 376–380. https://doi.org/10.1126/science.277.5324.376
Venables, W. N., & Ripley, B. D. (2002). Modern Applied Statistics with
S Fourth edition. In World. https://doi.org/10.2307/2685660
Vieweg, P., Stangl, M., Howard, L. R., &Wolbers, T. (2015). Changes in
pattern completion–a key mechanism to explain age-related recog-
nition memory deficits? Cortex, 64, 343–351.
Voss, A., Nagler, M., & Lerche, V. (2013). Diffusion models in experi-
mental psychology: A practical introduction. Experimental
Psychology, 60, 385–402. https://doi.org/10.1027/1618-3169/
a000218
Voss, A., & Voss, J. (2007). Fast-dm: A free program for efficient diffu-
sion model analysis. Behavior Research Methods, 39(4), 767–775.
https://doi.org/10.3758/BF03192967
Voss, A., Voss, J., & Lerche, V. (2015). Assessing cognitive processes
with diffusion model analyses: A tutorial based on fast-dm-30.
Frontiers in Psychology, 6(MAR), 1–14. https://doi.org/10.3389/
fpsyg.2015.00336
Waldron-Perrine, B., & Axelrod, B. N. (2012). Determining an appropri-
ate cutting score for indication of impairment on the Montreal
Cognitive Assessment. International Journal of Geriatric
Psychiatry, 27(11), 1189–1194. https://doi.org/10.1002/gps.3768
Waller, D. (2006). Egocentric and nonegocentric coding in memory for
spatial layout: Evidence from scene recognition. Memory and
Cognition, 34(3), 491–504. https://doi.org/10.3758/BF03193573
Waller, D., Montello, D. R., Richardson, A. E., & Hegarty, M. (2002).
Orientation Specificity and Spatial Updating of Memories for
Layouts. Journal of Experimental Psychology: Learning Memory
and Cognition, 28(6), 1051–1063. https://doi.org/10.1037/0278-
7393.28.6.1051
Watanabe, M. (2011). Distinctive features of spatial perspective-taking in
the elderly. International Journal of Aging and Human
Development, 72(3), 225–241. https://doi.org/10.2190/AG.72.3.d
Watanabe, M., & Takamatsu, M. (2014). Spatial perspective taking is
robust in later life. International Journal of Aging and Human
Development, 78(3), 277–297. https://doi.org/10.2190/AG.78.3.d
White, C., Ratcliff, R., Vasey, M., &McKoon, G. (2009). Dysphoria and
memory for emotional material: A diffusion-model analysis.
Cognition and Emotion, 23(1), 181–205.
Wilcox, R. R., & Keselman, H. J. (2003). Modem Robust Data Analysis
Methods: Measures of Central Tendency. Psychological Methods,
8(3), 254–274. https://doi.org/10.1037/1082-989X.8.3.254
Williams, C. C., Zacks, R. T., & Henderson, J. M. (2009). Age differ-
ences in what is viewed and remembered in complex conjunction
search. Quarterly Journal of Experimental Psychology, 62(5), 946–
966. https://doi.org/10.1080/17470210802321976
Wolbers, T., & Büchel, C. (2005). Dissociable retrosplenial and hippo-
campal contributions to successful formation of survey representa-
tions. Journal of Neuroscience, 25(13), 3333–3340. https://doi.org/
10.1523/JNEUROSCI.4705-04.2005
World Medical Association (2013). World Medical Association
Declaration of Helsinki. JAMA, 310(20), 2191–2194
Zimmermann, K., & Eschen, A. (2017). Brain regions involved in sub-
processes of small-space episodic object-location memory: a sys-
tematic review of lesion and functional neuroimaging studies.
Memory, 25(4), 487–519. https://doi.org/10.1080/09658211.2016.
1188965
Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
Mem Cogn
